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Abstract

a laboratory model ocean , fluid in a rotating tank

of varying depth is subjected to various stress patterns

w h i c h  5in~ late both stead y and seasonally vary ing winds ,

i~~- :~~iing monsoonal winds. For a certain range of the

governing parameters (Rossby number , Ekman number and Frcu~ e

-‘~ rber), a hc~ cgen~ ous fluid displays steady westward iriter .si~ ied

f :ow. Fcr ~ht ’ sane range of parameters a two-layer flui -~ can

hd. e ~ar c c ’. i n ic  in~;ta~-il ities. The parameter range for these

insta~-i it i~- is naçpe ’ in a regime diagran . The northward

trans; -r - t of the western boundary current is ar~ re~ as it

varies with i o ~~’~ wind-stress curl , and is compared with

the corresponding values in a homogeneou~ fluid. The conditions

for surfacing of the lower layer is measured as it varies

with Rossby nurr ~~er and Froude number. Fina 1y a movie is

sh wn of the respor.se of a two layer fluid to periodi caliy

v ary i n g  winds ccrre~ pc’nding to southwes~ and northeast rr~onsoons.

ntroductior .

A laboratory model of wind-driven ocean circu lation is

described in which various wind-stress patterns are simulated

which drive fluid in a tank of varying depth . Both homogeneous

and two-layer fluids were used . The following three

: 
experiments are described 
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• C i )  ~~~~~~~~~~~~~~~ of northward t r - t r i r t  i t t  I

western boundary current as it varies with

magnitude of wind-stress.

(ii) conditions for surfacing of the lower layer and

separation of the western boundary current from

the boundary .

(iii) periodic forcing of a two-layer model.

The first of these was motivated by the observation

that the ocean~
; effect u major portion of the transport

of heat from e.lu~ttcr to pole. Vonder Haar and J~ort (l~ 73)

have shown that the ;‘oleward transport ~v the oceans , when

averaged over lat itude , i~ conparahic to the atmospheric

transport . Hcw .’ver , or- .ike the atmosphere which is primarily

thermally driven , the upper oceans are to a large extent

dr iven by h ’~ a t n c s p h e r i c  w i  r . d s  . he~;e wir.d~ c .  nct

only w i t h  the seasons b u t  a lso  w i t h  the  c h a n g i n g  climate.

For example T.  ~~~~. ~r i shnamur t i , in t h i s  volume , shows maj or

changes in air flow pattern from years of normal rainfall

to years of dr o u g h t  over India and North Africa. It would

be interesting t o  know the change in oceanic transport for

a given change in the winds. Not only does this change in

the poleward heat transport by the oceans directly affect

• the climate at a given latitude but it is also an important

fa ctor in the quest ion of maintenance of the permanent
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• Arctic sea ice.

The second experiment , related to surfacing of the

lower layer , was performed to test a theory due to Professor

eorge Veronis (1973 , 1977). For a two-layer model with

quiescent lower layer , his argument proceeds as follows.

In a region of anticyclonic wind-stress curl (such as the

suotropical North Atlantic ), the Sverdrup transport is to

the south. Mass balance across a latitude line requires

an eq ual northward transport in  the region near the western

~-oundary . This would require , for the geostrophically

balanced part o~ the transport alone , that the height of

• the interface at the western boundary be equal to that at

tr. ’~ eastern boundary . To this consideration , cne must

add the Ekman transport . In the Trade wind regions , the

~~~~~ transport it o the north . Thu s the return transport

~n the west nust l e  less than that required by the geostrophic

f~~mw alone , so the interface must be lower at the western

than at the eastern boundary . If surfacing occurs at these

latitudes , it would occur first on the eastern boundary .

~cwevcr, in the anticyclonic part of the Westerlies , the

Ekman transport is to the South , adding to the geostrophic

transport to the south. The interface at the western boundary

must therefore by ~~~~~~ than at the eastern boundary . At

these latitudes , surfacing would occur firs t on the wes tern

boundary . A similar argument has also been presented by

Parsons (19(9).

_ _  _ _ _ _  -.-- - —--— 
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• The third experiment was performed to simulate , in a

very rough way , the response of a sea (such as the Arabian

Sea) to time vary ing winds (such as the south-west and north-

east monsoons.) The spin-up time of a two-layer laboratory

mode ’. can be adjusted to resemble the response time of a

t rop ical ocean basin .

• :~aboratory nodel

Certain gross features of the general circulation of

the oceans car. be modelled in laboratory experiments , as

has been shown by Stomme l , Arons , S Faller (19S8) , Pedlosk y

6 ~reenspan (1967) , Beardsley (1969), Baker S Robinson

(1969) , Veronis (l~ 7 3 ) ,  Hart (1975) and others . For example ,

a constant wind stress curl can be simulated by a rotating

l1~ in contact with the fluid , and variati on of Con ch s

paraneter wi th latit ude (B—effect ) can be simulated by

v ar i a  ion ~ fl uid depth  w i t h  b eat  i o n  in the ~an~

A ~;r h e n at i C  d i a g r a m  of the  appara tus  is shown in  f i g u r e

A c i r - - . a r  cyl in d r i c a l  tank is d i v i d e d  i n t o

separa te  b a s i n s :  a 180 0 basin , a 120 0 bas in , and a 60 0 bas i r . .

The tank is placed on a rotating table whose angular velocity

is ~~~. A cone-shaped lid rotates relative to the tank at

an angular velocity ti~2. As in Beardsley ’s (1969) experiments
e

th is model possesses a western boundary . It d i ffers from

his homogeneous experime nts in that these are two-layer

experiments. In this respect , it is similar to Hart ’s

____ _____ --.. -—~~~~--- ---—- ---- ---- - —.----— .-. -

~ 



,- .- - -~ . ---.--.-——- ____

• ~ ~~~~~~~~~~~~~~~ -~~- -,-.- - - .- —.~~~~~.—.——.— 

-.-.--,. -. — —.,.-

~~ 

—-—--“——-—

~

‘

• two-layer models. However Hart ’s studies , directed to polar

ocean basins , had no western boundary .

The physi cal basis for the model lies in the analogy

between the vor tex s tre tching by flow across cons tant depth

contours , and the relative vorticity produced by the oceanic

- 
flow to latitudes of different Con ch s force. Greenspan (1968)

has elucidated the difference in the flows that may arise

L - in closed containers having or not having closed geostrophic

(constant depth) contours . It is seen in f i gu re  1 th a t  each

of the three basins possesses no closed contours of constant

depth. The nature of the steady driven flow is ccnp ete y

different from the case with closed geostrophic ccr,tcurS.

The interior flow is a slow , order E½ (where F is the Ekrnan

number) drift across depth contours .

Since the speed on the top boundary is a l inear  fun ct ion

of radial distance , the top Ekman layer has a constant

divergence with a vertical velocity W
E 

of order t½ . Because

the interior flow is order E½ , the bottom Fkna r layer , for

the case of a homogeneous fluid , has a much smaller flux

of  order F .  However , if the interior flow would be across

depth contours at just the right speed v so that the orographicahl y

induced vert ical  velocity w = v tan ~ balances the Ekman

flux WE, then the interior velocity can be depth independent .

In cas e ~1 is counterclockwise and A~ is cloc kwise , this is a

constant flow to greater depths (or southwards flow) and is
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t he  e q u i v a l e n t  of the  Sverdrup balanced s o l u t i o n .

~ass is r e tu rned  to the nor th  by a f a s t  current  a long

the wes te rn  w a l l .  ~eardsley ( 1 9 6 9)  shows t h at  in case

t an  a < < E¼ , a Sto mme l ( l 9 ~~8) type geostrophic wes te rn  boundary

laye r of t h i c kn e s s  E ½ / t a n  a forms in which  vor t ex  s h r i n k i n g

is b a l a n c e d  by Ekma n s u c t i o n . Wh en t a n  a approaches

th .~ w e s t e r n  hour .dary bayer thins down towards the Stewar tsur

ayer. :~ t h i s  case the diffusion of vorticity fron.

t h e  s ide  w a l l  i s  ba lanced  by orographic vor tex  s t r e t c h i ng

ac w e l l  as by F~.n ~a:. -l a yer s u c t i o n . When t an  -~i >>E the flow

is ,inalcgcus t c  the ttu~~ and Carrier (19 50)  model  w i t h

l a t e r a l  t r i c t i c : , .

Rotating a r ig i d lid s i m u l a t e s  a c c r , s t a nt  w i n d - s t r e s s

cur l , with un itcrn v e r t i c a l  v e l o c i t y  out of t h e  t o p  Ek~~an

layer .  T h i s  ~*f fe c
+ could as well have been sirrulated by

a u n i f o r i r .  d i s t r i b u t i o n  of sources of nass a a r o n - r o t a t in g

top b o u n d a r y  (B a k e r , 1973). W i n d — s t r e s s  p a t t e r n s  are not a wayE

tesc riha~ be b y a co n s t a n t  curl . Any j e t  such as the f i n d l a t e r

or ‘low-bevel’ ~et over the Arabian Sea could better be

d e s c r j b e d  as a concentra ted  region of an t i c y clo r i c  curl

aditcert to another concentrated region of c v c l o n i c  curl .

such a wind-stress pattern is simulated by a line of sources

adjacent to a line of sin}.s in a porous upper boundary .

Figure lCd) and figure 7(b) demonstrate this.
S

-- _ _ _  _ _
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I n  the case of a two layer fluid it wIS ~~,und in thes e

.-~xperiments that the lower layer has mean velocities

approxi mately two orders of magnitude smaller than the upper

.ay e r v e l o c i t i e s .  Thus , the a s s u m p t i o n  made in many theories

t ha t  the re is no st r e ss  t r a n s m i t t e d  across the interfuc-

an p e a r s  t o  he n e st  r easonab le .  A Sverdrup  i n t e r i o r  and a

~- ‘ t c - n r e 1  type western boundary aye r is t h e r .  a p o s s i b l e

t . s.~lution for the upper layer. The int erf ace become s disterte..

¶ in such a way as t o  prevent pressure gradients in the lower

b ivt r, the s lo p e  o: t h e  i n t er : a c e  b e i n g  ; r c pr r t i cr . a l  t o  the

inte ri - v e l o c i  ‘: f he upp -en  l ive~ in. acccrdaru e with the

~ i~~~e-Margules : - :-nuba• The change in upper layer depth

- d u r e d  by  ~; u ch  ~i c t ~ - r t i o r  c~ he  i n t e r f a c e  does n~~t a f f e c t

he vor icitv o: the u p p e r  layer since the ge strophic fb cw

is ;er;-endi :uiar - the dep th gradient . This being the

c a ; e , d i s t c r t i c n . -; the interface s h c u l d  S c t  be thought

~-f as ccr ,tr ihut ing t o  the “B—e ffect ’

1. -we r vie: ion s are , howevet , po ssible in the

western I-c-un ~arv layer even for steady flow . ~e l an de r ( 9 ~~e )

shows a recircula ng flew confined to the western boundary

lower layer if ~he northward gradient of f/h. is p o s i t i v e .

where f is the Coriolis parameter , h is the lower layer depth.

Yor a two-layer laboratory model governed by Ekman-tvpe

dynamics , the following is a convenient starting point . 

- .- - -- ..
~~~~~ ----
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3. Theoretical basis for the two-layer model

F r  steady .inear flow , the vorticity equation jr each

ayez’ can be shown to  be (Hart , 1972)

½
• ~‘ ft. . — ( V ~ — I ’ )  + ~~ 

.~& (V~~~ — V 2F
1

) 0 ( 1 )
• . . 1 

~~~

- - 2
— — 

— — -. — 
— 

( V  ~~ — ~
) 0 (2)

2 . i+x

where V ., .
~~~~~ , 

an . - • h e  upp er , I - w.’r ayer velo ci t i e s res~ c- ct ive y,

P~ are the .; ~~~~~ 1~- wen layer ge.:- ..trc -phi c strean functicns

resp ectivel y, h . is the shape :unct i~~n -  h. L~~~ l i d , H.

-o f  t b .  b:-tton . he:- . V~ I~~ and w~ ~~~~~

ft.. -v t a n  c~,

y ~n :1 .~

The ~i r -  t ter eq~~a~~ion (I) re~~r’ sents the crcgr apb ical v

in duced vertical velocity resulting frcn gecstr c-phic f :w

a .cn . g t h e  :p h cu n d a r v . The s e c o n d  t e rm is t h e  Ekma n suct lot .

a t  t h e  t o p  a s s o c iat e d  w i t h  i n t e r i o r  v o r t i c it v .  the third is

‘h e  v ert i— -i l ve loc it y resulting from F~~rna: layer divergence.

The ~eur~h and i 1 t h  t e r ms  represent i~~ma: s uc t i c n  at the

interface associated with the interior v o r t i c it i e s  of the

l ower and of the upper layers . The Froude number is assurred

t - ’ be sma~~1 and vortex stretching as column s cf f l u i d  move

_ _ _ _ _  _ _ _ _ _ _  ---. -- --— - -- -
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• ri . - paral o I i  c mean interface is n t g  I oc ~~:. F :  a lU cn

— 

r a d i u s  tank rotating a t  20 np-n , the  i r . t e r f a o e  is :.!y

approximately 1 nn hi gher at the ri t h a n  at the center. This

nay I conpared the change in heigh t of 2 cm ~ue t c the

s l o p e  of t h e  li d .

:: we take ~~~~, v t~~e above equations lecorne

(7 ’  + ~ . .
~~ 

) P. — 1 1 3 V ’P .  ~~~~ 
( 3 )

( ‘,‘ . .-  — ) F  — l / ~ V P  ~~0 
( 4 )

where we na’.~ de i :e  - :

/ 3  i n &

F - r  a fl - c— I C t  - tr e~ : - c e i n .  w~ would chose a nc~~: -  w ith -

:~ w~~.er ~~~ 2 could I-c varied to- represetY differen t I

top ographies. ~ n ex a n p i e .  i~ is oh r n  t er o . we ~ m n d

t h e  -n- , er ave: ~ ;uat ion :-ed~~-es - St eir ~r r e l  ‘s eq u a t  i on  f o r

h~~n c g e n e c u s  f l u i d . wh i l e  the  lcwe~ aver  i s  m o t i o n l e s s

c’v.-’rvwhere .

:
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he ~~~ ez’i- : 1 - ,tlancc is giv’ n i-~

B ,

~ 0

-, x

w h i c h  is the  a n a l” g u e  ot the .‘er- :rul in enbor I w .

The . a p l a c i a : .  terms 1:. (~~) and (~~) l e o - o ne ~m p c r t a n t

i:. t he ....st .~::: ~‘und irv l i v e n .  L ;ua’ i o n s  
~ 

a n d  ab cnt

can I r  o l - ’ ai:ed C ~) a~s: (~~
.) • o~ tb~ torn

0

- 0

+ ( - -- ~ 

,, : 
~~

__ + 
~~
. 

- 
.~~__ I,

— . .
1~

an ~~~• L. a : .  . an. a — • V ar ~ c us t y p e s  -

I u: . m v  r;ers ar e  p c ss i~ ‘~e f o r  v a n i ~ ~ na~ :.it ~der

o t  , c .  h o :-  h .’ u p p e r  layer hes .’ a rc get .  ‘ n a b  v o f  be

n -~ d i sc u s se d b y  ~ea: -h ’v  ( €- 9 ) , and i n c l u d e  a mm .

e w.~~te:-: . 1-oun hinv c ur r e n t  . n. the lower layer , be

we s en :. bou :-  i :  c r e  gi  on has been show n by W ela : ,  ~ -r ( :~~€ $)

have var ious f orm s depend ing  upor .  the  bo tc ’ n t o p o g r a p h y .

The p r e s e n t  a t- or a t c ’ry  mc ’d~~l s i n c l u d e  1 -~ Iie~ w ith a:.

0 ,  3. - . , a n d  0 .~~. . The second c o r r es pcn d s  o 8. =

the flu id layer depths chosen.

I,

______________________ _______ _____________
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I ~~~~~ t h e  d e f i n i t i o n s  a n d  ~~~ :‘.~ :~~~e of  v a l ue s

the b-a sic ;- .i r ameters or the laboratory model. It a s :  shows

s-~ne timensi ~ n ess numl ers (n ~ t a l l  i n d e p e r . d e : . t  ) . The

- m ci :: nun~-~~r , ~~~~~~ v n umb e r  and in t e r n a l  r roud e u m b e r  are

the rr.a j ;-~ ;-a :-ane t •-: -s that are varied it . the ~~~~~~ n i  me:.  * . 1

t h e  t , 1b ~~ are I i  s t . -d  the  a p p r o x i n a t .- ~gr.it’u :te s of tb~—se

t.unIer ~ f~~:- large - -o ai. oceanic flows . For the lab orat or y

~.- l  we ch ose  .m r ange  of values that spar.  t he  o c e a n i c  v a u ~ s.

on t e r  - ~ ee ;-  he F r c u - l e  n u m b e r  sm-i l 1 , we chc se a t a n k

:1 ~ . - - : 1 Ch-~ . .‘: .. se~ ul ; .-ir ar- e e n s  are Ii- ted

at ‘,
~~~~ 

I- -- -t ot • 1~ ’

en 1 net-. a l  — .‘du :

For ‘he 1: g e t -  e - .s ~- x ; - e r  :n.~: , t n  . t , ~n 1 1 l u c

icc- r~~i ; g  t ’  ‘ s .- ~‘a~~e: ( l i ’ ’ )  : n~~ w.m - - -
. - ‘ -

~~~ .~~~~~ ‘b .  w ’r~~i :g

F-  z- ~i ’ .  w — r ,’ ’- r  c’xp e n i r r . e n . t s  we . • 1c,-m 1 b l u e

as t h . .’ u p p e :- a v”r , a nd a s ta rch  or sugar  sc- I ~ f o r  t h e

1 - av ”r .

To- - t m • i n - . s; :— r - t in he wes ’ err ho u r d a r v  urrent • he

v~ in  : : g - ~: r ~~~ 
-~a - ; ; e - ~~. Th e  ve l  ‘c i t  v p v c  tIl e v (x)

w m - ~ ~.~~~.- : t - i : ’  I v~~ ’b -~ f~~graphi ng at  ixed tim e it - tt’:va the

n o r t h w a r d s  p r o g re s s  c~ a dye line . The area l transp ort A is

• l e f i ned as A ~‘ J~~v( x ) d x  where 
~~~~

. is t h e  d e n s i t y  of

‘h~ thymo l ~~ ue , and where x = 0 is at ‘he western wall ,
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I i• I
x x 0 i s at the center of the gyre . The volume t r.innpcr

I is defined as I = 
~~1 f~~

v(x)h (x)dx. The -de ;th h (x)

o4- he upper layer was determined as it vari ed w i t h  x , by

s us p e n d ing f i n e  v e r t i c a l  wire s which  were ma:4 ed w i t h  a

color-coded scale.

The separation experiments were prepared in a similar

ma nn er , but using the tank is figure lc.

The periodic forcing experiments were ;erfcrrred usin .g

h.e tan- shown in figure Id . To s i m u l a t e  the monsoons

ove r  t h e  A r a b i a n - ‘a , t h e  l i n e  oI s -u r o c s  and  s i n k s  was at

a t h i r t y  -degree angle to the east—west. The sources (pump i n g

in t o  the interior ) were to  the south , the sir;~- s  (pump ing

c-u S of the in. te ri r) t o  t h e  north or the ~cut h—west mon soon s

of summer . The :-.m; ing direction was reversed and of cn~~I e r

mag n .~~~ude for t h e  N or t h - e a s t  n c r . s o c n s  of w i n t e r .  No a t t e m p t

was made t o  simulate the complication cf the double branching

f t h e  F i n d l a t e r  ~et  of the summer n c r - s o o n .  The summer

- - ° t - t~~t 1Cr ; was maintai ned for “three ncn~hs” . corresponding

- - un ’ , ~ u l v , an A u g u s t .  Cr - c  day c o r r e s p o n d s  t c  one

:- ‘a icn c- f the table. The pump s were t u r n e d  o f f  for  “ two

months ” , then the reversed pumping corresponding to  the

w i n t er c o n d i t i o n  was continued for the following “f-our

months ” of November through February . The pumping was stcpped

for the “three months ” of March to May . Then the cycle

was r ep e a t e d  for  “ f i v e  years ” .

_ _ _  ~1II I~T~I -
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- -bs~ rvat j( rv ,

5.1 lb . fO).1(~wirmg ar- ’ the observat L o S S  of  t b .  f j y 5 , t

expe r imen t  r e l a t ed  to northward transport . Fi gure 2a show

streaklines of the steadily driven flow of a homogeneous

f l u i d , w i th  tan  a~ 0.~~l , tan = 0.0 and R = - 7.35 x IO 2
.

(The negative value of R indicates that M~ was in the opp os i t e

ser,se t o  d ) .  I t  s ho w s  the following ty p ica l  features.

U) :~a diai : low .i~- :-oss constant dep th contours over

much of t h e  t a n k  • f:’om ~h , m low to  dee ;- - f o r  c l o c k w i s e  r c t a t i - i n

-
~~~~~~ I i- f . h i s  analo~~-us to h. ~ver d r u ~ in terior

t b .  Sc ut

( i i )  Tl~~s : - -... i r- d i v e r t e d  to rh ’ w.-~~’ r i m

5 c u n ~fa rv l ay er  w h i c h  i s  severa l m i l l  m et  err thick at the

~aste:-n .  p a r t  t h e  r i m  and 1-ecome s s e v e r a l  c e n t i me t e r s

t h i c k ne ar -  the western p-art of tr-e 1800 la sin .

(lii) The ret urn, low t o  t h e  north occurs it-. a fast

n m : -r - -w current along the w e s t e r n  b o u n d a r y . The c en t e r  of

• :.e ,:v r~ is ar • o the w e st  of t h e  cer . ter  o f  the las in..

( i v )  A s t a t  io n ar v  t op o g r a p h i c  ~os sbv wave is  o b s e r v e d

where the western I-c’undarv current enters the interior.

A- sociated with t h i s  is a region of weakly cvcl cnic flow .

There are no instabilities and no time dependence . A1

of these features are in agreement with Beardsley ’s homogeneous

flows.

_ _ _ _  ~~~~--- -~~~~~~~~~~~~~~  --- ~~~~~- - - .~~- --- -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _— ----
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For the same slopes and Rossby number , a t w o  layer

fluid (fig. 2b) shows similar features , but baroclinic

instabilities are now possible. Typ ical features are :

(i) A westward intensified ar.ticyclonic gyre , with

the center - of  the gyre shifted to the southwest of the location

for the homogeneous case.

(ii) The region of cyclonic flow as the western boundary

current enters the interior is more pronounced .

(iii) There is i n s t a b i l it y  and t i m e  -dependence  in

p r i m a r i ly  two scales . There are small waves of wavelength

approximately ~mm , which is the baroclinic radius c-f

deformation f o r  t h i s  e x p e r im e n t . There  i s  also a larger

SOJ IP  i n s t a i  i l i t v , w i t h  wavelengths several centimeters.

T h i s  is e v i d e n t  in  the movies , and the c c ’n d it i or . s fo r  its

occt .r r ”r .ce  have b een summ ar i z e d  in the  r e g i m e  d iagram

( i v )  There is a coun te r -cur ren t  in th e rim b o u n d a ry

layer. This is a hi ghly depth-dependent flow which is

strongest just above the interface and which vanishes rapidly

with distance above the inte:’~~ce. This  counter—current

b e com e s i n c re a s i n g l y  stronger to the  e a s t .  It continues

along the eastern wall as a northward current and finally

enters the interior by flowing cyclonically around the

low formed by the topographic Rossby wave . 

-~~~-~ - ~~~~_~~~~~~~~~~~~~ - -~~ 
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A summary ot t he  observed i n st a b i l i t i e s  is shown in

the regime diagram in figure 3. The curves are taken from

H a r t  ~s (1972) theory of baroclinic instability in a two-layer

fluid , in. a circular cy lindrical tank . Since ours has

western boundaries and boundary currents , different modes

may be excited . Al so , since Hart had computed the stability

curves for only one  value of tan ~, we used these curves
or. t h e  ; - l . -ar. e tan : 0 . 2 1  as w e l l  as on the plane tan  a ,

0.3? . :r. t h e  t ’l ane  t a r .  a 1 :0.135 , we u s ed  Hart~~ curves

-,r ta n i, = 0 .  In  sp ite of all t h ese  d i f f e r e n c e s , h i s

cur v e s  s t  i l l  g ive  a good s t r u c t u r e  upon w h i c h  to d i s p l ay

and u n d e r s t a n d  our d a t a .  The closed c i rc les  represent  f l ow s

wh ich were st e ady  and s t a b l e .  The h a l f - s h a d e d  c i rc les

represent points in which only the small (several mm ) scale

i n s t a b i l i ty  was observe d . The open circles are those for

which hcth the small (mm ) scale and large (cm) scale

i n s t a f i l i t i e s  were observed .

The me r ;ur e ’f  n o r t h w a r d s  volume t r a nsp or t  T in  t h e

w e s t e rn boundary current is plotted against Rossbv number

i n  f i , t ’ur e  L~~~ The data has been made dimensionless by

dividing by ~ and the volume of upper layer fluid in the

basin. The lower curve is the transport in a homogeneous

• fluid , again made dimensionless by dividing by the volume

- _ _ _ _ _ _ _ _ _

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—--~~ -~~~~~~~~~~~~~~ - -~~~~~~~-~~~- -— - —-~~~~~~~~~~~~~~~~~~
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It is seen that as R is increased the transport by

the upper layer fluid is considerably greater than the

transport by an equal volume of fluid over a rigid bottom .

The measured areal transports by homogeneous and upper layer

f lu id , seen in figure Le b -, shows only a small divergence of

the two curves at higher Rossby number where the two layer

appears to have a somewhat larger areal transport . (The

large error bar represents different valu er- obtained in

repeated observations , due to the time dependence of the two

layer flow at these large values of ~‘ . )  t is primarily the

in-crease d de p t h  o: the upper layer just in the reg ion of

the fast western boundary flow that results in the greatly

increased transport over the homogeneous care.

5.2 The f o l l o w i n g  are the observations related t o  t h e

r-econd experiment on surfacing and separation.

(1) W i th  the  tank in figure la an -f w i t h  t h e  l i d  ro t a t i n g

in a c lockwise  sense , as in the Trade w i n d  reg i o n s,  s u r fa c i r .~

inst occurs on the eastern boundary near the weak cyclor .ic

flow associated with the stationary topographic ?ossby wave .

( i i )  W i t h  t h e  t a n k  in  f i g u r e  lc , and w i t h  the  l i d

rot a t i n g  in a clockwise sense , as in the anticyclonic part

of 1~~-, e wes-terlies . surfacing of the lower layer occurs on

the western boundary , and the fast western boundary current

separates from the western boundary before it is forced
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- ‘lo so by the rim. This is shown ii , f i rsr - ’ ‘ . ‘Pb ’-’

c O n d i t  ions for this surfacing appear to be in agreement with

t’ro~essor Veron i s ’ theory , but these experiments are still

not completed .

5.3 The following are the observations related to the third

experim ent on the periodic forcing .

The two-layer laboratory model responds to changes in

r o t a t i o n  rate or to applied stress in a time short compared

to “decades” which applies for a m i d - l a t i t u d e  ocean (V e r o n i s  £

Stomme l , 1956). The tank in figure la containing 10cm

sized basins s: ins up in about Le minutes or 80 “days ” . The

tank in f i gure Id with a 20 cm basin spins up in about 8

minutes or 160 “days”. Furthermore , they can be made to

respond in a tim e on the order of “a month” corresponding

a trop ical ocean (Lighthill , l~~€ 9). The rap id spin- up

ot the laboratory model is due to two factors . The first is

the presence ot a meridional boundary . The second is also

rel -
~~~ ed to the ~ec~m,~trv ‘f the model ; the depth to wid th

r a t i o  of the oceans can never be modelled in a geom etrically

s i mi l a r  manner in the laboratory . In modelling a steady

situation -, we could argue that the depth is unimportant

since the flow is depth-independent (in each layer). However

in the time-dependent situation , the layer depths enter

1

’ 

_ _ _ _ _ _  
__________ _ _ _ _

i t  
_ _ _ _  

________ _ _ _

_ __ _

_—_ _ _ _ _  _ _
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in to the radius of deformation and the b a r o cl i n i c  ~ossby

wave speed. The radius of deformation

____ 

d (D - d )
A : where H =

2~~) D

is about 0.5 cm in many of these experiments. Thus the

• width of the tank is just LeO deformation radii across and

can be adjusted at will. In mid-lati tudes the deformation

radi us i s  abou t 30 krn , whi le  in the tropics this may be

about 320 km . Thus a 6,000 km ocean basin in mid-latitudes

is 200 deformation radii across , while a similar sized

basin in the trop ics would be just 20 deformation radii across.

At the baroclir .ic Rossby wave speed of BA~~fLe~~
2
, the

trave l time across a basin of width will be

where f is the Cor io l i s  parameter.  U s i n g  5 = 
ta n a 1, th i s g i ves
~~

80 “days” for the model in figur e la , and ‘
~ 
: 160 “days”

for the model in figure id. The response time of 160 “days ”

or approximately S months is too long f or s imulat in g the

Arabian Sea. However , interesting effects might be expected

since the forcing varies with a period of 1 year .

The response of a homogeneous model to cons tant forcing

shown in figure 7a fur four different directions of “winds ”,

all of the same magnitude . The response of a two—layer model

to a steady westerly jet of the same strength as in 7a is

—  _______________________________________________ 
_____________

I—-- — 

— —--- — --—-_ _ _ _ _ _ _ _
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sh ow n  in figure 7h. It consists of an anticyclonic gyre

o t he ou t  H , u volun C 1’yrt’ to I he ~ or t  H where there is

near-surfacing of the lower layer. It is noted that the

response is now time dependent , and there is an interesting

relationship between the time dependence in the two gyres.

Some of the chang ing featues are indicated by arrows.

The two-layer model , whose response time is 5 months -,

• is subject to a South west jet and its response is shown

after S months and after 17 months  in figure 7c. A similar

situat ion for a ~orth—east jet of wind is shown in figure 7G.

~~~ . L on c lu s io n

This two-layer laboratory model of wind-driven ocean

:‘ir cui -lt jon ap ; - -r-ars to be capable of simula tin g scm.— of t~-

gross ~~‘at ~~r”s of-served or expected f rom theories of he

oceanic general circulation . It also produced some unexpected

features such as the deep countercurrent along the eastern

boundary which is reminiscent of the P’avidson Current and the

California Undercurrent. Certainly the model allows features

n ot  c f - s r ’  rvable in a homogeneous model of ocean circulation .

It is a pleasure to acknowledge the support of this

research by the Fluid Dynamics Division of the Office of

Nav al Research .
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~ In a laboratory model ocean , fluid in a rotating tank a varying depth

is subjected to various stress pattern s which simulate both steady and sea-
sonally varying winds , including monsoonal winds. For a certa in range of the
governing parameters (Rosaby number , Ekman number and Froude number), a homo-
geneous fluid displays steady westward intensified flow . For the same range
of parameters a two- layer fluid can have baroclinic instabilities. The para—
ma ter range for these instabilities is mapped in a regime diagram . The north-
ward transport of the western boundary current is measured as it varies with
imposed wind-stress curl , and is compared wi th the corresponding values in a
homogeneous fluid. The condition . for surfacing of the lower layer is Sea—
sured as It varies with Rosaby number and Froude number. Finally a movie is
shown of the response of a two layer fluid to periodically varying winds
corresponding to southwest and northeast monsoons. - - - - -
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